A number of adaptive structure applications call for the generation of intense electric fields (in excess of 70 MV/m). Such intense fields across the thickness of a thin polymer dielectric layer are typically used to exploit the direct electromechanical coupling in the form of a Maxwell stress:
INTRODUCTION
Unlike materials such as piezoelectrics, DEAs and EBLs exploit electrostatic field in a direct way, namely as the Coulomb force between the charges that have been separated by applying a potential across the dielectric.
In the case of DEAs, the dielectric is highly compliant and deforms due to the Maxwell stress applied to it, as shown in figure 1a , thus transforms part of the energy stored in the electrostatic field into mechanical energy. The actuation behavior of DEAs is governed by the mechanical properties as well as the dielectric properties of the dielectric, whereas the stress is given by equation 1 and the consequent deformation is described by the mechanical constitutive equation of the material.
In the case of the EBLs, no actuation action is obtained by applying an electrostatic field across the dielectric. The ability of interface within the dielectric to transfer shear stress can be activated by exerting a normal stress across it while relying on the presence of friction, as shown in figure 1b. The change in bending (and torsional) stiffness in EBLs is based on the application of a strong electric field across a stiff dielectric that contains an interface. Shear stress transfer is enabled by normal stress combined with friction. Figure 1 . Left:(a) Schematic representation of the working principle of DEAs. The incompressible elastomer change thickness and consequently length and width under the effect of the applied Maxwell stress. Right:(b) The dielectric of EBLs is several order of magnitude stiffer than the one of DEAs, hence no substantial deformation is observed. In exchange, the shear stress transfer at the interface within the dielectric is modulated by the Maxwell stress.
In both cases, the mechanical characterization of the dielectric relies on well known procedures. The description of the non-linear behavior of DEA materials such as the 3M
T M VHB T M 49XX and the IPN derived from it has been object of several investigations. 
PERMITTIVITY MEASUREMENT
The permittivity measurements on polymeric dielectrics has also been object of the work of several groups. [2] [3] [4] [5] [6] The permittivity of a dielectric material is customarily measured by analyzing the capacitive component in an LCR circuit by means of an impedance analyzer (LCR-meter). This was also the case in the above mentioned studies. The permittivity of the material within the electrodes can be determined with good accuracy, based on the geometry of the sample. Impedance analyzers are generally operated at low voltage (of the order of 0· · ·5V) and frequencies between 100 and 10 6 Hz. The dielectric and dissipative properties of materials are calculated based on the measurement of the alternating current flowing in the tested object when an alternating voltage is applied to it, as sketched in figure 2 V max /I max Δt Figure 2 . The permittivity and resistivity of materials is measured using LCR Meters, generally assuming a capacitor and resistor connected in parallel, based on the complex impedance of the circuit.
There are two drawbacks to the use of this method for the determination of the dielectric properties of polymer films:
1. The permittivity of polymers is strongly frequency dependent.
2. The dissipative behavior of polymers is field dependent.
The frequency of operation as well as the field intensity at which DEAs and EBLs are activated, strongly differ from the conditions under which their dielectric and insulating properties are measured. Thus, the possibility is left open that under operational conditions the electrical behavior of DEA and EBL materials may be different than what is assumed based on conventional measurement methods. This has lead to the development of a set-up that allows for the investigation of the dielectric and insulating properties of thin polymer films.
PROPOSED SET-UP
As shown in figure 3 , the charge current for a capacitor on which a linear voltage ramp is imposed is directly proportional to the permittivity of the dielectric. If all other parameters are known, the permittivity of the material can be easily calculated as:
Where I is the charging current, d is the thickness of the dielectric sample, 0 is the permittivity of vacuum, A is the area of the sample and dV dt =V is the slope of the applied voltage ramp. For a polymer sample with a thickness of 40μm, a diameter of 20mm and a permittivity =4 the charge current for a voltage rampV=200V/s is of the order of 6nA. Figure 4 shows the set-up for the the measurement of the charge current flowing through the polymer samples, as proposed by Di Lillo et al. 7, 8 The ramp signal is generated by programming a suitable signal into the signal generator (Agilent 33120A Arbitrary Waveform generator). The signal is amplified by a high voltage amplifier (Trek 20/20C). The current flowing is converted to a voltage signal by a trans-impedance amplifier built in the laboratory and recorded by a oscilloscope (Tektronix TDS5034B). The charge current was measured for three different pre-stretch ratios λ 1 = λ 2 = λ = 3, 4, 5. On each VHB sample stretched to λ = 3, 4, 5, three pairs of electrodes (one on each face of the sample) where applied by sputtering, as visible in figure 5. Each area was named according to the color of the leads ('red', 'green', 'black'). The voltage ramp was kept constant at 200V/s for all measurements. Measurements were performed to different target voltages that decreased with increasing value of λ. The maximum target voltage V max for λ = 3 was 5000V, for λ = 4 V max was 4000V, for λ = 5 V max was 3000V. In order to suppress the deformation of the dielectric and the consequent failure of the sputtered gold electrodes, the samples were stiffened on both sides with common adhesive tape. Figure 6 shows two typical examples of the recorded voltage and current values. While the behavior observed in figure 6a is approximately the one of an ideal capacitor (with only a very slight positive slope that corresponds to a resistor with an Ohmic characteristic), the current recorded for a film subjected to high field (figure 6b) clearly deviates from the behavior of the two situations depicted in figure 3 . The current measured after the maximum voltage is reached and kept at that level, is considered to be the leakage current in the sample. Next to the obvious increase in the value of the current, a comparison of figures 6a and 6b shows that at high fields the leakage current is also a function of time. These observations indicate a non-ohmic characteristic of the dissipative component of the sample at high fields.
RESULTS AND DISCUSSION
For each measured area, 5 consecutive measurements were performed at intervals of a few minutes. It is noticeable how the first measurement (marked as '1st loop' in figure 6b) differs from the subsequent measurements. While for low target voltages all measurements were quite similar, a difference between the first and subsequent measurements could be observed at high target voltage and high stretches (i.e. for the highest fields). Figure 7a shows the permittivity calculated based on the measured current and the geometry of the samples as a function of the applied field intensity E. The thickness of the samples used to calculate the permittivity and the field E was assumed to be the initial thickness of the film (1mm for VHB 4910) divided by λ 2 . The dissipative (leakage) component of the current measured at a fixed time after reaching the maxium voltage was subtracted from the measured current to obtain the charge current. Figure 7b shows the volume resistivity of the material as a function of E. The results displayed in the figure show that the volume resistivity of the investigated material increases very strongly (notice the logarithmic scale for the resistivity) for fields exceeding 40MV/m.
From the values measured for the permittivity and volume resistivity of the material it is possible to calculate values for the stored energy density (figure 8a) and dissipated power density (figure 8b). The calculated stored energy density increases quadratically with the field, as can be expected for a material with field-independent dielectric constant. The dissipated power appears to increase in a more than quadratic manner with respect to the applied field, for fields exceeding approximately 40MV/m. 
CONCLUSIONS AND OUTLOOK
The set-up presented in this contribution allows for the measurement of the dielectric and insulating properties of thin polymer dielectrics, as they are found in EBLs and DEAs. Specifically, the permittivity and volume resistivity of VHB 4910 films at pre-stretch and field levels comparable to the ones found in real applications of this material for DEAs have been investigated.
The results obtained for the dielectric constant are in the range of the values published by other groups. [2] [3] [4] [5] [6] The dependance of the permittivity of VHB from the level of prestretch previously reported by our group could not be verified. This finding can rather be attributed to the fact that unlike in previous measurements, the electrodes were applied directly to the material by sputtering instead using solid electrodes, rather than to the use of the proposed measurement set-up. Initial measurements (not presented in this work) made with the same solid electrodes as used for previous measurements 2 revealed an irregular charging current at high voltages and prompted for the use of sputtered gold electrodes. While it was not possible to conclusively demonstrate it, the assumption was made that the irregular charging current curves observed when using solid electrodes and the pre-stretch dependency of the dielectric constant of VHB previously reported may be attributed to the presence of air gaps between the electrodes and the VHB film. The use of sputtered electrodes eliminated both phenomena.
The measurement of the volume resistivity of VHB under high field conditions is considered to represent the most innovative contribution of the present work. The results shown in figure 7b are in good agreement with the volume resistivity values reported by Molberg et. al 4 at fairly low field levels. The values recorded for electric field intensities exceeding 40MV/m show an aspect of the behavior of this material that have not been previously reported based on direct electrical measurements, while indirect evidence of the dissipative behavior is reported based on mechanical measurements was by Plante et al. 9 A comparison of the specific stored energy and specific dissipated power with respect to the applied field, as shown in figures 8a and 8b shows clearly that, for the operation of VHB based DEAs, the dissipative behavior of the material cannot be neglected when making considerations about the efficiency of such systems. This is expected to be especially important for energy harvesting applications.
In the future, the dielectric and insulating properties of other candidate materials for DEA applications shall be investigated and compared to the ones of VHB. Also, the mechanisms leading to the non-ohmic behavior of VHB shall be investigated, especially in view of the development of materials with improved insulating properties. The measurement of the evolution of the volume resistivity as a function of the applied field is deemed interesting especially as an indicator of imminent electrical breakdown. More investigations shall be devoted to this point as well as to the implications that the thermal effects of the dissipation of electrical power may have on the durability of DEAs, especially in the case of devices with low specific surfaces, such as stacked actuators.
